We extend our newly proposed calculation method of precipitate nucleation free energy to ternary systems. This method utilized first principles calculations for enthalpy change and interface energy, and the Bragg-Williams approximation for entropy loss from scattered atoms condensing into a cluster. The effect of Ni addition on copper precipitation in the Fe-Cu system was examined by this method. It was revealed that added Ni prefers segregation at the matrix/cluster interface, and reduces the activation energy barrier as well as the interface energy.
Introduction
Adding Cu has advantageous effects on steels, such as improvement of oxidation resistance 1) and increased strength, 2) but causes hot-shortness during the production of steels. In order to prevent hot-shortness in Cu-bearing steel, nickel is a useful third element.
3) Experimental observations revealed that Ni addition in Fe-Cu binary alloy accelerates Cu precipitation, 4) and that Ni segregates around Cu-rich precipitates. 5) However, the role of Ni in the nucleation stage of Cu precipitation has not been clarified by experimental observations.
In the previous paper, we reported a novel approach in which free-energy change due to cluster formation is accurately and directly estimated using first principles calculations for the Fe-Cu system. 6) This new treatment divides the free energy into cluster energy and entropy terms. The former, including the enthalpy change and the interface energy, is calculated by first principles calculations, and the latter is estimated by the Bragg-Williams approximation. The obtained critical number and activation energy barrier show good agreement with the values obtained through the classical treatment. In this study, we apply this method to ternary systems and predict the activation barrier and the critical number for precipitate nucleation in Fe-Cu-Ni alloy under the unrelaxed conditions. The mechanism of Ni addition will be examined using simple model calculations.
Entropy Term for Ternary Systems
The proposed calculation method for free energy change during cluster formation has been reported in detail in the previous paper. 6) Here, we will briefly show the basic concept taking the actual precipitation phenomenon of ternary alloy into consideration. Figure 1 shows the schematic illustration of precipitate nucleation in the Fe-Cu-Ni system. To simplify the models, we employ the cluster comprising one Ni atom and n Cu atoms. The initial state is described as the summation of the isolated solute atoms, and is the dilution limit of an alloy. The final state is described as one cluster moving around on the matrix.
In classical nucleation theory, the free-energy change is described by the sum of the driving force ÁF V and the interface energy H . The main ambiguity of the classical nucleation theory is the assumption that the interface energy is applied to a small cluster with a spherical interface area. By dividing ÁF V into two components of enthalpy change ÁH and entropy change ÀTÁS, and treating enthalpy change ÁH and interface energy H together, the free energy change is expressed as
where n is the number of atoms in a cluster. Thus the freeenergy change is calculated from the enthalpy and entropy differences between the initial and final states. The first term of eq. (1) is the cluster energy change, which includes all the environmental changes of solute and solvent atoms. The cluster energy change is assumed to be independent of temperature and can be calculated precisely by the density functional codes. The second term of eq. (1) can be estimated by the Bragg-Williams approximation. The entropy should be expressed as the sum of translational entropy change between initial and final configurations ÁS trans , internal entropy of cluster formed due to the location of Ni atom S internal , and rotational entropy of the cluster S rotation , namely,
where k B is the Boltzmann constant, and Ws are corresponding numbers of microstates. When selecting the number of Cu atoms of a cluster n and the initial concentration x Cu , the related sites constructing a cluster should be M ¼ n=x Cu . Considering 1) the number of Cu sites Mx Cu and 2) the number of Ni sites Mx Ni , where x Ni is the initial concentration of Ni, and 3) the number of solvent sites Mð1 À x Cu À x Ni Þ, the number of microstates of the initial state W initial is calculated by the Bragg-Williams approximation,
The number of microstates of the final state W 
The translational entropy is thus obtained as
Analytical expression will be obtained using Stirling's formula and Taylor series around small x Cu ,
When the clusters are constructed of two or more elements, internal configurational degrees of freedom arise. For the cluster constructed of one Ni atom and n Cu atoms, the internal entropy is expressed by
Next we will consider the rotational entropy S rotation . For the pure Cu cluster, the rotational degrees of freedom is equivalent to the symmetry of the cluster. For the binary CuNi cluster, the presence of the additional atom reduces the symmetry of the cluster. However, the increase of the rotational degrees of freedom is included in the contribution of the internal location of the Ni atom in eq. (7). Thus we employ the rotational degrees of freedom for a specific cluster configuration equivalent to that of the binary clusters, which is shown in Table 1 .
Calculation Results and Discussions
The cluster energy, ÁHðnÞ þ H ðnÞ, is precisely calculated by the usual density functional codes. The spin-polarized calculations have been performed using the Vienna Ab Initio Simulation Package (VASP) 7, 8) with the GGA Perdew-Wang 91 exchange-correlation functional, 9) ultrasoft pseudopotentials, 10) the plane wave basis set and a cut-off energy of 3:805 Â 10 À17 J (237.5 eV).
For the precipitates in Fe-rich Fe-Cu alloys, many experimental efforts revealed that Cu-rich clusters precipitate with the metastable bcc structure from the supersatuated bccFe alloys at the early stage of nucleation, and later transform to the fcc structure upon reaching a critical size. [11] [12] [13] It was also shown that small Cu clusters with the bcc lattice possess spherical and coherent interfaces.
The calculated equilibrium lattice constants of bcc ferromagnetic Fe, bcc Cu and bcc Ni are 0.287 nm, 0.290 nm and 0.282 nm, respectively. Because there are small size differences, the strain energy can be neglected in a first approximation. The energy has been calculated with 54 atoms (3 Â 3 Â 3 unit cells) for clusters smaller than or equal to 5, and 128 atoms (4 Â 4 Â 4 unit cells) for other larger clusters, under the nonrelaxed condition of the equilibrium lattice constant of Fe. Cluster models were constructed by replacing some sites with Cu atoms and one Ni atom.
If all the possible configurations of the clusters must be checked, tremendous number of calculations are required. Thus we employ the same configurations for the binary FeCu system, except for the location of one Ni atom. To investigate the preferable site of the Ni atom in a Cu cluster, the most simple check has been performed using a cluster size of 15 comprising 14 Cu atoms and one Ni atom. We considered two extreme cases as shown in Fig. 2 : Ni atom is located (a) at the center of the cluster and (b) at the matrix/ cluster interface. The cluster energy in the case of (b) measured from the segregation limit is 3:77 Â 10 À19 J (2.35 eV) which is about 0:6 Â 10 À19 J (0.4 eV) lower than 4:37 Â 10 À19 J (2.73 eV) in (a). This suggests that the Ni atom does not exist inside the Cu cluster but segregates at the matrix/cluster interface. This result is consistent with the Figure 3 shows the atomic configuration having the minimum energy among the configurations in which the Ni atom is located at the matrix/cluster interface. Figure 4 shows the corresponding cluster energies measured from the segregation limit of pure bcc-Fe and pure bcc-Cu. The open diamonds on the straight line extending from the energy of Ni [1] represents the extrapolated enthalpies of the dilution limit, and represents the initial state illustrated in Fig. 1 . The values of dilute(Ni [1] +Cu [1] ) are obtained as the sum of two supercell models including one Ni atom and one Cu atom. The cluster energy changes of the system in eq. (1) À19 J (1.01 eV), respectively. This reduction of the activation energy due to Ni addition is consistent with the experimental observation of the acceleration of the precipitation reaction. 14) This reduction of the activation energy is explained in terms of the following considerations. The first contribution is the negative increase of the driving force. The calculated driving force is À0:22 Â 10 À19 J/atom (À0:14 eV/atom), which is slightly larger than that of À0:21 Â 10 À19 J/atom (À0:13 eV/atom) in Fe-Cu alloy. The enthalpy contribution to the driving force, which is represented by the slope of the dilution limit, does not change because of the definition of the dilution limit. The entropy contribution to the driving force decreases from 0:51 Â 10 À19 J/atom (0.32 eV/atom) to 0:50 Â 10 À19 J/atom (0.31 eV/atom) due to the terms of ln x Ni in eq. (6) and the internal entropy. However any third element will be able to reduce the entropy change as well as Ni. Thus this is not a controlling effect on the activation energy.
The second contribution is the decrease of the interface energy. If the interface energy is approximated to be constant and isotropic, as in the classical nucleation theory, this enthalpy change is expressed as
where A is assumed to be constant and B is the fitting parameter. Because the first term on the right hand side, which is proportional to n, represents the enthalpy of the driving force, A should be equal to the enthalpy of the dilution limit. The interface energy estimated by the fitting curve is 0.30 J/m 2 , which is lower than that of 0.34 J/m 2 in the binary Fe-Cu system. Therefore, the interface energy, rather than the driving force, is the dominant contribution to the reduction of the activation barrier.
The reason for the reduction of interface energy is simply explained using the interaction parameters represented by ¼ ZfE AB À ðE AA þ E BB Þ=2g, where E AA , E AB and E BB are the binding energies of A-A, A-B, and B-B, respectively, and Z is the coordination number. In order to calculate the interaction parameters, we assume the binding energies are expressed only by the first nearest neighbor interactions, thus Z ¼ 8. 
Conclusions
We showed the application of a novel method of predicting the free energy change of nucleation, the critical number and the activation barrier in an Fe-Cu-Ni system. At 773 K, and the concentration of 0.014 Cu and 0.005 Ni, the estimated critical number and activation energy are 12 atoms and 1:20 Â 10 À19 J (0.75 eV), respectively. The activation energy is lower than the value of 1:62 Â 10 À19 J (1.01 eV) in an FeCu binary system. This suggests that the addition of the Ni atom promotes the precipitation of bcc Cu clusters. The main reason behind this promotion is the decrease of the interface energy due to the segregation of Ni at the matrix/precipitate interface.
